Introduction
Corn Zea mays L. is among the most remarkable cereal species, which has great importance in the human diet and animal feed in the world. This is one of the most rapidly energy-accumulating agricultural plants [1] . Improving of crop yield harvesting and post-harvest processing results in increasing cultivated corn fields. European Union countries annually produce approximately 75 million tonnes of corn grain.
Harvesting of corn requires specific conditions and the fine-tuning of combine-harvester threshing apparatus. To ensure minimum loss during corn harvesting, the combine-harvester threshing apparatus, cleaning shoe and other mechanisms must undergo particular reconstructions and adjustments [2] . The performance of threshing apparatus depends on the feed rate, concave clearance and cylinder speed (linear speed of rasp bars) [3] . Setting wellbalanced technological parameters for adjustment of the threshing apparatus not only increases throughput of the combine harvester but also improves the quality indicators of the threshing process. This leads to reduced grain loss, reduced grain damage as well as improved grain separation through the concave [4] .
The demands on throughput and harvesting quality of combine harvesters are still growing, so that improvements of the functional components are necessary [5] . Conventional threshing cylinders have an open construction. This type of cylinder construction has caused various problems during combine-harvester operations. For example, the impact of the open cylinder shape often results in cracking of the grain [6] . In addition, debris such as crop residue and soil ingested by the combine is frequently deposited in, and retained by, the rotating cylinder. As the mass of the debris increases, the operation of the cylinder falls out of balance, resulting in irregular engagement of the crop by the cylinder and potentially degrading the quality of grain separation. To increase grain separation and reduce grain damage, researchers suggested covering the spaces between adjacent rasp bars. For this purpose, some studies proposed using filler plates that have an evenly concave surface, whereas others proposed using filler plates with an angled profile [7] . It is considered that the shape of filler plates should be optimized. Considering the influence of threshing cylinder design on the airflow within the threshing apparatus, a potentially improved filler plate can be designed [8, 9] . The airflow caused by cylinder rotation was sufficient to keep some part of the grains suspended in the air and even to be blown from the threshing apparatus [3] . In 2010, the German company CLAAS patented an enclosed threshing cylinder. In general, their cylinder has a solid, continuous cylindrical surface on which rasp bars are mounted for threshing the cereals. The enclosed cylinder is highly impervious to crops so that debris cannot accumulate inside the cylinder during operation. According to the authors of the patent, the enclosed cylinder is universally applicable because there is no longer a need to cover it with filler plates during corn threshing. However, results for the investigation of the threshing of corn ears have not been published.
Fitting the cylinder with filler plates was found to have a positive effect on wheat grain separation through the concave and also to reduce grain damage [6] . Experimental trials on a threshing cylinder with spaces between the cylinder rasp bars covered with filler plates showed a decrease in wheat grain damage from 2.01% to 0.17% [7] . Researchers considered the main reason for the reduction in grain damage to be that when threshing with an enclosed construction cylinder, grain separation increases in the frontal part of the threshing apparatus, i.e. in front of the concave. Moreover, researchers noted that wheat grain separation using an enclosed construction cylinder might be intensified by increasing the cylinder speed [10] . It is considered that the shape of filler plates appropriate for corn ear threshing should be optimized [9] .
The hypothesis in the present research was that covering the spaces between the cylinder rasp bars has a positive effect on corn grain damage during threshing (the percentage of damaged grain decreases) and on grain separation through the concave (the percentage of threshed grains passed onto the straw walkers decreases).
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The aim of this work was to determine the influence of threshing cylinder filler plates on indicators of the corn ear threshing (shelling) process.
Materials and methods
The experimental method has been applied to the study. It is time-consuming method considering a theoretical analysis of corn ears threshing process usually involves a series simplification [11] . The random motion of the corn ears in the threshing space in most cases leads to a certain difference between the numerical results and experimental data [12] .
When threshing corn ears, the following three technological processes take place inside the threshing crescent: corn ears are threshed, i.e., grains are separated from ear cobs; threshed grains are separated through the mass being threshed and the concave grates; and the entire mass being threshed is transported over the surface of the concave toward the straw walkers. Grains remaining on cobs that are passed onto the straw walkers are considered to be the threshing loss N. The tolerable level (0.3% of yield) of threshing loss for combines in corn should not be exceeded [3, 13] . The proportion of threshed grains not separated through the concave are considered to be the grain separation loss K. Petkevichius et al. [3] stated that separation loss should not exceed 20% of grain feed rate by corrected adjustment of threshing apparatus; i.e. less than 20% of the threshed grains should be thrown to straw walker.
During the experimental trials, threshing performance was measured by means of the following indicators: threshing loss (unthreshed grains remaining on cobs), grain separation and grain separation intensity, proportion of grains passed onto the straw walkers and proportion of damaged grain.
Threshing and grain separation losses
Experimental trials were carried out in 2013-2015 at the Laboratory-Experimental Station for Investigation Technological Processes of Agricultural Machinery using a stationary tangential single-cylinder threshing unit (Fig. 1 ) comprised of the following components. A belt feeder 1 (10 m in length and 1.2 m in width) was used for feeding corn ears into the threshing unit. A tangential threshing cylinder 3 (1.2 m in width and 0.6 m in diameter) with eight rasp bars attached to it was wrapped in the concave 4 (wrapping angle of 146). Threshed and unseparated grains and impurities (e.g. leaves and cobs) were diverted to the collection tank 10 by the back beater 6. Portions of the threshed grain-chaff separated through individual sections of the concave were collected in tanks 7, 8 and 9. Fig. 1 Schematic of the stationary unit used for threshing corn ears: 1 -flat belt feeder; 2 -frame of the stationary threshing unit; 3 -threshing cylinder; 4 -concave; 5 -threshing cylinder filler plates; 6 -back beater; 7, 8, 9 -tanks for collecting grains separated through individual sections of the concave; 10 -collection tank; 11 -device for measuring electric power; 12 -electric motor; 13 -transitional pulley; 14 -amplifier unit with power supply; 15, 16 -optical encoders of the electric motor and threshing cylinder rotation speed; 17 -force sensor at the end of the concave; 18 -weighing scale base units with sensors (3 pieces); 19 -tensoresistor load sensors; 20 -computer; 21 -high-speed camera; 22 -variable frequency drive (VFD) controller; 23 -motor torque sensor and 24 -measurement unit with power supply
For rotation of the working components of the threshing unit, a 15 kW electric motor was used. Threshing cylinder (Fig. 2 ) speed was fixed (450 min −1 ) using a variable frequency drive (VFD) controller Delta VFD-C2000 SERIES and belt drive. The speed of the cylinder shaft rotation was measured using an optical encoder 15.
Investigation was carried out using a threshing apparatus equipped with a concave with surface area of 0.96 m 2 , for which the active separation area was equal to 69.19%. Before starting the trials, the clearance between the cylinder rasp bars and the concave crossbars was set to 34 mm in the front, 26 mm in the middle and 22 mm at the end of concave.
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Corn ears of the Rodni species were threshed in the threshing unit. The ears were at physiological maturity and had a grain moisture content of 30.49±0.60%. The moisture content of the cobs was 54.85±1.31% and that of the ear-covering leaves was 27.51±2.41%. After being weighed on a digital weighing scale CAS DB-1H (maximum load 60±0.02 kg, minimum load 400±20 g), a 7-m length flat belt feeder was evenly covered with corn ears, which were fed into the tangential threshing unit at a speed of 1.0 m s Threshing loss N was determined from the corn cob pieces with grains that were collected in tank 10. In the laboratory, grains that had been hand-shelled from cobs were weighed and the grain loss % was estimated.
For the investigation of grain separation through concave A, the surface of the concave was divided into three sections (Fig. 3) . Threshed grain separated through Sections 1, 2 and 3 of the concave were collected in tanks 7, 8 and 9, respectively. They were weighed using a digital weighing scale, which included the three components of base unit 18 (four resistive sensors each) and amplifier unit 24 (Fig. 1 ). This system, computer 20, and the created software ThreshLab were used to record real-time changes in the weights of the tanks. Using dates supplied by measurement unit 24, computer 20, and ThreshLab, the mean value of the weight signal at pre-set time intervals (30 ms) was calculated. For this purpose, measurements were taken at a higher rate (every 2 ms), the date sample of the pre-set size (of 5 values) was collected, and the average was calculated for each of the tanks on the weighing scale (Fig. 3) . The weight limit per tank was 50 kg, the sensitivity was 0.01 kg, the resolution was 48.9 g, and the error was below 3%.
Threshed grain, grain not separated through the concave and material other than grain (MOG) were collected in tank the 10. After grain from the grain-impurities mixture had been separated, grain separation loss K was determined by air flow using a Petkus K-293 device (Petkus, Germany).
Intensity of grain separation through the concave
Due to the above-mentioned weighing system installed beneath the concave of the threshing unit, threshed grain separation intensity through the concave at each of its three sections (k1, k2 and k3, in kg s −1 ) and through the entire concave (k, in kg s −1 ) can be measured at very small time intervals (i.e., every 30 ms) during the threshing process.
The total grain separation through each section of the concaves S1, S2, S3 and entire concave  S , can be approximated at separation time t using a linear function:
where: k and b are coefficients of the equation of the straight line. The slope coefficient k is related to grain separation intensity as follows:
where  is the angle between the straight line and the abscissa axis.
Grain damage
To determine grain damage, three 200 g samples were collected from tanks 7, 8 and 9 and collection tank 10 ( Fig. 1 ). Samples collected from the different tanks were placed into separate bags marked with the respective number and the various technological parameters. In the laboratory, three 100 g samples were taken from each grain bag. Mechanically-damaged grains were separated from each sample and weighed, and the average percentage of grain damage was calculated. Furthermore, 25 samples of threshed-out corn ear were randomly sampled from collection tank 10. The length of each was measured and the average length was calculated.
Grain cleanliness
Cleanliness was measured by determining the foreign-matter content, i.e., MOG. The grain-impurities mixture fell through individual sections of the concave to tanks 7, 8 and 9 ( Fig. 1) and was separated by air flow using the Petkus K-293 device. The separated impurities were then weighed.
Average length of crushed cobs
At the end of each trial, 50 cobs were taken from collection tank 10 ( Fig. 1) and their average length was measured using a calliper.
Design of threshing cylinder
Initially, corn ear threshing experiments were performed using an open (conventional) threshing cylinder. For the purposes of further comparative trials, stainlesssteel filler plates of three different shapes were produced, each with a thickness of 1.5 mm and a mass of 2.54±0.21 kg (Fig. 4 ). They were attached by means of steel rivets. There were eight identical filler plate pieces in one set. To investigate corn ear threshing, the three sets considered were: Filler Plate I (FP-I) with a shape resembling the standard shape of the cylinder spaces between adjacent rasp bars (Fig. 4a) ; Filler Plate II (FP-II) with a working plane at an angle of 55 to the radius of the cylinder (Fig. 4, b) ; and Filler Plate III (FP-III) with a working plane at an angle of 36 to the radius of the cylinder (Fig. 4, c) . Covering the threshing cylinder with set FP-I increased its mass, resulting in an increased moment of inertia from 8.49 kg m 2 to 9.62 kg m 2 . With the open threshing cylinder, a cross-sectional area of one space between the rasp bars amounted to 95.94 cm 2 , whereas the same crosssection area amounted to 87.05 cm 2 after the FP-I was covered (Fig. 4, a) , i.e. the area was reduced by 9.27%. By covering the threshing cylinder with set FP-II, the crosssectional area of one space between the rasp bars was found to decrease from 95.94 cm 2 to 79.13 cm 2 , i.e. a 17.52% reduction. The passive surface of the threshing cylinder filler plate formed a 12 angle to the cylinder radius (Fig. 4, b) . Covering the threshing cylinder with set FP-III caused the cross-sectional area of one space between the rasp bars to decrease from 95.94 cm 2 to 75.69 cm 2 , i.e. a 21.12% reduction (Fig. 4, c) . Each trial was repeated three times. Measurement data were assessed by computing the confidence interval of the mean at 95% probability.
Results and discussion

Threshing and grain separation losses
Feed rate is one of the most important factors that influences combine harvester performance [14] . Analysis of findings and results obtained through investigation showed that at a 4 kg s −1 feed rate to the open threshing cylinder, majority of the grain was separated through Section 1 of the concave (39.3%), whereas that separated through Section 2 was 27.1% and that through Section 3 was 21.7% (Fig. 5) . In this case, the proportion of grain passed onto the straw walkers K amounts for as little as 11.7% and the threshing loss N was 0.2%. 
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An increase in feed rate caused grain separation to decrease through all the sections of the concave (Fig. 5) ; at a feed rate of 12 kg s
of the concave, respectively. As a result, the proportion of grain passed onto the straw walkers (30.6%) exceeded the grain separation through individual sections of the concave, while the threshing loss increased to 1.8%. It is worth emphasizing that the proportion of non-threshed grains increased exponentially with an increase in feed rate.
In this study the threshing loss is relatively high as compared to Paulsen et al. [13] combine harvesters investigations in corn harvesting. The reason for this difference is that in the combine harvester cobs with unthreshed grains were returned to rethreshing.
Investigation of corn ear threshing using the threshing cylinder covered with set FP-I showed that at a feed rate of 4 kg s −1 , 33.7% of grains were separated through Section 1 of the concave, while 27.4% and 21.6% were separated through Sections 2 and 3, respectively (Fig. 6) . In this case, the proportion of grain passed onto the straw walkers amounted to 16.8%, with a threshing loss of 0.44%. An increase in feed rate to 12 kg s −1 caused grain separation to decrease to 25.3% and 21.2% through Sections 1 and 2 of the concave, respectively. However, grain separation through Section 3 increased with increasing feed rate; at a feed rate of 12 kg s −1 , it reached 23.4%. As a result, the proportion of grain passed onto the straw walkers decreased to 28.3%, i.e. a reduction of 2.3 percentage points in comparison with that for the open threshing cylinder. Threshing loss also decreased to 1.75%. When the threshing cylinder was covered with set FP-II at a feed rate of 4 kg s −1 , 40.4% of grains were separated through Section 1 of the concave (Fig. 7) . In comparison with the threshing cylinder covered with set FP-I, A1 increased by 6.7 percentage points. The proportion of grain passed onto the straw walkers amounted to 11% and the threshing loss was 0.49%. An increase in feed rate to 12 kg s −1 caused grain separation through Section 1 of the concave to halve (to 20.6%). However, considering the grain separation through Section 2 (25.8%) and Section 3 (26.1%) at a feed rate of 12 kg s −1 , it is apparent that the threshing cylinder covered with set FP-II was more effective because the proportion of grain passed onto the straw walkers decreased to 25.9%. The decrease in threshing loss was negligible (1.66%) when the threshing cylinder was covered with set FP-II. Analysis of results obtained at a 4 kg s −1 feed rate to the threshing cylinder covered with set FP-III showed that grain separation through Section 1 of the concave increased to 41.4% (Fig. 8) . points. Grain separation through the other two sections of the concave remained similar to that observed for the threshing cylinder covered with set FP-II. Grain separation through Sections 2 and 3 of the concave was 26.8% and 20.5%, respectively. In the latter case, the proportion of grain passed onto the straw walkers amounted to 11.2% and the proportion of non-threshed grain was 0.16%. As in previous cases, an increase in feed rate to 12 kg s −1 caused grain separation to decrease through Section 1 of the concave (to 27.5%), which is slightly higher those that for threshing cylinders featuring other space shapes between the rasp bars. In this particular case, the grain separation through Section 2 of the concave decreased to 24.9%, and through Section 3 it increased to 23.2%. The proportion of grain passed onto the straw walkers amounted to 23.0% but did not exceed the grain separation through individual sections of the concave. Threshing loss decreased slightly (to 1.31%) in comparison with those of threshing cylinders featuring other space shapes between the rasp bars.
Intensity of grain separation through the concave
Air flow investigations of threshing cylinders with different designs of the spaces between the rasp bars revealed a positive effect of filler plates on air flow movement in the cylinder-to-concave clearance. This was followed by trials of corn ear threshing performance [11] . These were undertaken to determine the influence of the form of the cylinder spaces between the rasp bars on threshing performance. Corn ear threshing trials that involved the open threshing cylinder showed that at a feed rate of 4 kg s , a significant increase in grain separation intensity through Section 3 of the concave was observed (Fig. 10) . When the threshing cylinder was covered with set FP-II (Fig. 11) and a feed rate of 4 kg s −1 was used, no significant differences were observed in grain separation intensity through sections of the concave when compared with previously discussed threshing cylinders (Figs. 9 and  10 ). , an obvious increase in separation intensity was observed in Section 1 of the concave (Fig. 12) . At a feed rate of 4 kg s −1 , the intensity of grain separation through the concave k1 increased to 1.48 kg s −1 , which is 0.12 kg s −1 higher than that for the open threshing cylinder. Grain separation intensity through Section 1 of the concave increased steadily with increasing feed rate. Increasing the feed rate to 12 kg s −1 caused the separation intensity k1 to reach 2.70 kg s −1 , which is 0.24 kg s −1 higher than that for the open threshing cylinder.
When investigating the effect of the shape of the spaces between the rasp bars on grain separation intensity through each of the three sections of the concave k, FP-III was observed to have an advantage over the other shapes under consideration (Fig. 13) . This difference was not significant at a feed rate of 4 kg s . This difference in separation intensity was further calculated on a per hour basis, resulting in the conclusion that using a threshing cylinder covered with FP-III enabled the separation of an additional 3348 kg grains through the concave.
Grain damage
Grain damage depends upon the moisture content of the threshed crop mass, upon the technological parameters of the threshing mechanism and also upon the crop mass flow [4] . The most threshing research has shown that high cylinder speed is the main factor causing corn grain damage [3, 15, 16] . There is a limited amount of research conducted on the effect of cylinder filler plate on corn grain damage.
Investigation showed that a maximum grain damage of S=7.2% was found in the portion of grain passed onto the straw walkers (Fig. 14) when a feed rate of 6 kg s −1 was set and the open threshing cylinder was used for corn ear threshing. Using the threshing cylinder covered with set FP-III resulted in grain damage of as little as 4.9%, which is 2.3 percentage points lower than that for the open cylinder. Analysis of grains separated through individual sections of the concave revealed no significant difference in grain damage in relation to the shape of the threshing cylinder filler plates. To summarize the grain damage data regarding the entire threshing unit, the least grain damage (3.9%) was found to occur in the threshing cylinder covered with set FP-III (q=6 kg s −1 ). Following an increase in a feed rate to 12 kg s −1 (Fig. 15) , trends in grain damage remained very similar to those at the 6 kg s −1 feed rate; no significant differences in grain damage were observed between feed rates of 6 kg s . Meanwhile, in winter wheat harvesting increase of the combine harvester feed rate caused the decrease of the grain damage [4] , because thicker straw layer more absorbed rasp bar strokes.
Grain cleanliness
The corn ear threshing investigation considered the different shapes of filler plates used to cover cylinder spaces between the rasp bars, with the aim of examining their effect on the proportion of impurities separated through individual sections of the concave. The proportion of impurities in the grains separated through concave determines the load of the combine-harvester's cleaning shoe [17] . The investigation showed that there was no significant difference in the proportion of impurities that fell through the concave grating (Table 1 ) regardless of the shape of the threshing cylinder's spaces between the rasp bars. Table 1 Effect of the shape of cylinder spaces between rasp bars on the proportion of impurities (P, g) in the mass separated through the concave Cylinder spaces between rasp the bars Section 1 of the concave P1, g In the course of threshing, corn ears suffer from impacts with the rasp bars. As a result of these impacts, not only do corn grains separate from the cobs of corn ears, but the cobs are also crushed, causing their smallest parts to fall through the concave holes while the remainder are passed onto the straw walkers. Excessive cylinder speed and tight clearances between the cylinder and the concave can lead to split corn grain and excessive cob breakage [13] . Too many broken cobs can lead to overwhelm the cleaning shoe [3] . It was also found that threshing losses consisted primarily of broken cobs with kernels still attached [13] .
Investigation of corn ear threshing under varied feed rates over the range of 4 kg s −1 to 12 kg s −1 using threshing cylinders with different filler plate shapes allowed us to look into their effect on the crushing of corn cobs. Accordingly, corn cobs were found to be crushed most when FP-II was used, resulting to an average corn cob length l of 76.9±5.1 mm. Corn cobs were crushed least when the threshing cylinder featuring the standard space shape between the rasp bars was used, resulting to an average corn cob length of 82.4±5.4 mm. However, no significant difference in corn cob length in relation to the shape of the spaces between the rasp bars was observed. Moreover, feed rate had no significant effect on cob length within the threshing unit.
Conclusions
1. Investigation of corn ear threshing showed that the shape of spaces between the cylinder rasp bars had a significant effect on the intensity of grain separation through the concave. An increased feed rate not only resulted in increased grain separation intensity but also increased the influence of the shape of the spaces between the cylinder rasp bars. Grain separation was found to be most intensive when the threshing cylinder was covered with set FP-III at a 12 kg s −1 feed rate, resulting to a grain separation intensity of 7.42 kg s −1 . 2. A comparative analysis of the effect of the shape of the spaces between the rasp bars on threshing loss showed that a minimum loss of 1.31% was suffered at a feed rate of 12 kg s −1 when the threshing cylinder covered with set FP-III was used. The maximum grain loss (1.80%) was observed when the open threshing cylinder was used at the same feed rate q. Overall, the findings of this investigation show that the least threshing loss, i.e., 0.16%, was suffered at a feed rate of 4 kg s −1 when the threshing cylinder was covered with set FP-III.
3. Findings of the corn ear threshing investigation involving different shapes of spaces between the threshing cylinder rasp bars showed that with increasing feed rate q, the portion of grain passed onto the straw walkers K tended to increase. At a feed rate of 12 kg s −1 , the lowest percentage of grain passed onto the straw walkers (23.0%) was achieved when the threshing cylinder covered with set FP-III was used; the maximum percentage (30.6%) was observed when the open threshing cylinder was used.
4. To summarize the grain damage data with respect to the entire threshing unit, grains were found to be damaged least when the threshing cylinder was covered with set FP-III. The reason for this is considered to be the rapid grain separation through the front portion of the concave.
